ABSTRACT. Comprehensive control of odors, hydrogen sulfide (H2S), ammonia (NH3), and greenhouse gas (GHG) emissions associated with swine production is a critical need. The objective of this paper is to review the use of soybean peroxidase (SBP) and peroxides as a manure additive to mitigate emissions of odorous volatile organic compounds (VOC), NH3, H2S, and GHGs. Soybean peroxidase plus peroxide (SBPP) was tested as a mitigation technology for swine manure emissions on three scales (lab, pilot and farm). Several laboratory scale experiments were completed to assess SBPP dosages and type of oxygen source mixed into swine manure and surface application. A pilot scale experiment was done with surface application of SBPP and multiple dosages to observe scale up effects. Finally, a farm scale trial was completed to assess the SBPP treatment to a swine manure surface under a fully slatted barn floor. The 'gated' approach to testing SBPP from labto pilot-and finally the farm-scale was appropriate and allowed for controlled experiments with sufficient replication. This approach resulted in gradual decrease of the dose of SBP, decreasing the cost of treatment, increase of treatment longevity, inclusion of many key gases of concern to the experimental protocol, and finally testing the treatment on farm-scale. To date, the farm-scale results indicate that SBPP can be effective in mitigating many important odorous gas emissions without increasing GHGs. Specifically, a 2.28 kg m -2 SBP dose mixed with 4.2% CaO2 added by weight and added to manure surface resulted in significant reductions in gaseous emissions of NH3 (21.7%), H2S (79.7%), n-butyric acid (37.2%), valeric acid (47.7%), isovaleric acid (39.3%), indole (31.2%), and skatole (43.5%). Emissions of DMDS/MT increased by 30.6%. Emissions of p-cresol were reduced by 14.4% but were not statistically significant. There were no significant changes to the GHG emissions of CH4, CO2 and N2O. The treatment cost (SBP+CaO2) was $1.45 per marketed pig of which the cost of SBP was only ~40%. Thus, further research is needed to optimize the dose and the cost of catalysts.
Introduction
Local and regional air quality are effected by emissions of odor, volatile organic compounds (VOCs), ammonia (NH3), hydrogen sulfide (H2S) and greenhouse gases (GHGs) (methane (CH4), carbon dioxide (CO2) and nitrous oxide (N2O)) that are also associated with climate change. These emissions are by-products of pork production that originate from animal housing, manure storage, manure treatment and handling, and from manure land application to fields as fertilizer. Mitigation of these emissions is a critical need in creating sustainability in a growing market. Morawski et al. (2001) , Steevensz et al. (2014) , Tonegawa et al. (2003) and Ye et al. (2009) have shown that peroxidase enzymes, when combined with peroxides such as hydrogen peroxide (H2O2) or calcium peroxide (CaO2), reduce the concentrations of some odorous phenolic and indolic compounds by polymerization. The increase in molecular weight of these compounds due to polymerization decreases their volatility, making them less prevalent in the air. Soybean peroxidase is a bio-based product derived from soybean hulls, a low value and low utility byproduct. Concerns about adding a treatment of unknown origin to the manure that will eventually be land applied is also low, due to soybeans being a common ingredient in animal feed.
Soybean Peroxidase as Swine Manure Treatment for Mitigation of Gaseous Emissions
Laboratory Scale (Parker et al., 2012) Parker et al. (2012) determined the optimum application rates of soybean peroxidase (SBP) plus peroxide (SBPP) for reducing odorous VOC emissions from swine manure. Emissions from standard phenolic solutions and swine manure were measured in a wind tunnel after the application of industrial-grade SBP in combination with liquid H2O2 or powdered CaO2. The emissions testing was done on 0.2 L scale with the treatment mixed (Figure 1 ) into the standard phenolic solutions and swine manure and VOCs were monitored over the course of 3 days.
The primary odorant observed in the untreated manure was p-cresol, which accounted for 68-81% of the odor activity value (OAV). At the determined optimum application rate of SBPP (50 g L -1 ), p-cresol emissions were reduced from the swine manure by 62% (H2O2) and 98% (CaO2) after 24 h (P < 0.0001). The CaO2 had a longer residence time, remaining effective for 48 h with 92% reduction in emission rates (P < 0.0001), while H2O2 was similar to the control at 48 h (P = 0.28). For treating swine manure slurry, the optimum SBP application rate was 50 g L -1 when combined with H2O2 or CaO2 concentrations of 14.6 or 22.1 mM, respectively. The SBP plus H2O2 treatment resulted in a corresponding 10-fold increase in VFA emissions. The SBP plus CaO2 treatment was most effective, decreasing the emission rates of the primary odorant p-cresol by 98% and 92% after 24 and 48 h, respectively, with corresponding decreases in summed OAVs of 94% and 68%. (Parker, 2012) ) and powdered CaO2 (0.16-1.6 g L -1 ) were applied to swine manure slurry in 7.6 L containers (Figure 2 ), and odorous VOC emission rates (phenolics, indolics, volatile fatty acids, methyl sulfides) were measured over a 14 day period using sorbent tubes and gas chromatography. The five treatments consisted of a control, the fully-mixed rate of 50 g L -1 SBP plus 1.6 g L -1 CaO2, and three surface-applied treatments of 10%, 50%, and 100% of the fully-mixed application rate.
The odorants p-cresol and skatole accounted for the majority of the OAV. The 10% surface-applied rate was as effective as the 100% surface-applied and fully-mixed application rates at reducing p-cresol and skatole emissions for up to 10 day (P<0.05).
Surface-applied and fully-mixed applications of SBP+CaO2 were equally effective at reducing emissions of odorous VOCs from swine slurry for up to 10 days. Of the phenolic and indolic compounds, the SBP+CaO2 treatment was most effective in reducing concentrations of p-cresol and skatole, which together accounted for 79% to 97% of the OAV. The surface-applied treatment of SBP+CaO2 appears to be a promising technology for reducing odor emissions from swine manure collected from a shallow-pit system with fresh water makeup. The SBP+CaO2 treatment was effective in reducing odors for 10 days. Reapplication of SBP+CaO2 will likely be required every 4 to 7 days. (Parker, 2016) Figure 2. Laboratory setup for testing the effects of SBP+CaO2 (mixed and surficial application) on VOC emissions from swine manure. Parker et al., 2016 .Green: SBP+CaO2-treated; Red: untreated.
Pilot Scale (Maurer et al., 2017a)
Maurer et al. (2017a) evaluated surface-applied SBP+CaO2 as a manure additive to mitigate emissions of odorous VOCs including dimethyl disulfide/methanethiol (DMDS/MT), dimethyl trisulfide/methanethiol (DMTS/MT), n-butyric acid, valeric acid, isovaleric acid, p-cresol, indole, and skatole. The secondary impact on emissions of NH3, H2S, and GHGs was also measured. The SBP was tested at four treatments (2.28-45.7 kg m -2 manure) with CaO2 (4.2% by weight of SBP) over 137 days at pilot scale (Figure 3 ).
Significant reductions in VOC emissions were observed: DMDS/MT (36.2%-84.7%), p-cresol (53.1%-89.5%), and skatole (63.2%-92.5%). There was a corresponding significant reduction in NH3 (14.6%-67.6%), and significant increases in the greenhouse gases CH4 (32.7%-232%) and CO2 (20.8%-124%). The remaining emissions (including N2O) were not statistically different.
The study provided a comprehensive assessment of a manure additive for mitigation of gaseous emissions of all major compounds of interest from swine manure. Significant reductions in NH3, DMDS/MT, p-cresol and skatole were observed, with corresponding increases in greenhouse gases CH4 and CO2 and no effect on N2O emissions. The SBP+CaO2 treatment resulted in mitigation of most gases of concern to the swine industry, considering the complex physical/chemical/biological processes that are at work in swine manure emissions. (Maurer, 2017a) (Figure 4 ) at the university's 178-pig, shallow-pit, mechanically-ventilated swine barn to evaluate SBP+CaO2 as a surficial manure pit additive under field conditions. The SBP+CaO2 was applied once at the beginning of the 42-day experiment at an application rate of 2.28 kg m -2 with 4.2% CaO2 added by weight. Gas samples were collected from the primary barn exhaust fans.
As compared to the control, significant reductions in gaseous emissions were observed for NH3 (21.7%), H2S (79.7%), n-butyric acid (37.2%), valeric acid (47.7%), isovaleric acid (39.3%), indole (31.2%), and skatole (43.5%). Emissions of DMDS/MT increased by 30.6%. Emissions of p-cresol were reduced by 14.4% but were not statistically significant. There were no significant changes to the GHG emissions of CH4, CO2 and N2O. The total treatment cost was $2.62 per marketed pig, equivalent to 1.5% of the pig market price. (Maurer et al., 2017b) . The materials cost (SBP+CaO2) was $1.45 per marketed pig of which the cost of SBP was only ~40%. Thus, further research is needed to optimize the dose and the cost of catalysts. 
Experimental Scale Comparisons
Similarities were observed across all scales for several measured VOCs. Of the VOCs that were monitored over all scales, p-cresol and skatole emissions from swine manure were consistently reduced, but showed the general trend of less reduction as the scale was increased when comparing SBP+CaO2 treatments: 2.28 kg m -2 SBP at farm scale surface applied, 2.28 kg m -2 SBP+CaO2 at pilot surface applied, 2.28 kg m -2 SBP+CaO2 at 7.6 L scale surface applied and 0.585 kg m -2 SBP+CaO2 0.2 L scale mixed in (Figure 5 ). Indole emissions were reduced at the farm scale and at the pilot scale up to 42 days. Indole emissions increased at the laboratory scales. Of the scales that volatile fatty acids (VFAs) were monitored, in general VFA emissions were reduced, except for at the pilot scale after 14 days but reduction was observed later as the pilot scale trial progressed. The greatest VFA reduction were observed at the 0.2 L scale with the SBP+CaO2 treatment mixed into the slurry. Sulfur compounds where monitored in the pilot and farm scale experiments and were highly variable. The pilot scale observations resulted in reduction in DMDS/MT and DMTS/MT while the farm scale observations resulted in no change or an increase in emissions. Hydrogen sulfide emissions were greatly reduced at the farm scale while low reductions and increases were observed at the pilot scale. Ammonia was consistently reduced at the pilot and the farm scale, while GHGs emissions were reduced very little or were increase as a result of the SBP+CaO2 treatment. 
Conclusions
This review concludes the lab-pilot-farm-scales progression of testing for a promising gas emissions mitigation technology, i.e., optimizing the effects of time and treatment dose, broadening the array of key gases to be measured, while keeping in mind the practical application constraints and cost. In the farm-scale study, significant reductions in NH3 (21.7%), H2S (79.7%), n-butyric acid (37.2%), valeric acid (47.7%), isovaleric acid (39.3%), indole (31.2%), and skatole (43.5%) emissions, and significant increases in DMDS/MT (30.6%) emissions were observed. The SBP+CaO2 treatment had no effect on CO2, CH4 and N2O emissions. Emissions of p-cresol were reduced, however, without significant difference. The SBP+CaO2 treatment resulted in a more comprehensive mitigation of key gases of concern for the swine industry compared to other studies in published literature. The total treatment cost was equivalent to 1.5% (0.8% materials and 0.7% labor) of the pig market price, i.e., $2.62 per marketed pig ($1.45 pig -1 in materials and $1.17 pig -1 in labor). The SBP cost was only ~40% of the materials cost. Thus, further research is needed to optimize the dose and the cost of catalysts. Soybean peroxidase, a bio-based soybean-derived product has been shown to be a promising emissions treatment option for swine manure.
